ABSTRACT Objective: To quantify the amount of tooth movement and orthodontically induced root resorption (OIRR) in ovariectomized rats. Materials and Methods: Five 10-week-old female Wistar rats undergoing ovariectomy (OVX) were investigated as the experimental group, and the other five without ovariectomy served as the control group. Four weeks after ovariectomy, 25-g nickel-titanium closed-coil springs were applied mesially to the maxillary left first molars. Micro-computed tomography was taken at day 0, 1, 3, 7, 14, 21, and 28. At day 28, the molars were extracted. The surface area of root resorption craters, depth, and volume were measured using electron and laser scanning microscopes. Results: Tooth movement gradually increased with time throughout 28 days. There was a significant difference in the amount of tooth movement between the control group and the OVX group. For OIRR, the OVX group showed wide and shallow root resorption craters scattered on the mesial root. The deep resorption craters were observed on the distal roots distributed in the cervical, middle, and apical thirds of the roots. Statistically significant differences were found between the control and the OVX groups in the depth and the volume of root resorption craters in the distal roots and the total volume of root resorption craters in all three roots. Conclusion: Ovariectomy affected not only tooth movement but also OIRR. Tooth movement in the OVX group was more rapid than the control group. Furthermore, the amount of OIRR in the OVX group was more severe than the control group. (Angle Orthod. 2011;81:570-577.) 
INTRODUCTION
During orthodontic treatment, the teeth move individually at different rates, and the amount of tooth movement caused by bone remodeling can be influenced by drug usage and/or systemic factors. 1 One of the most common systemic factors is a metabolic bone disorder called osteoporosis. 2 Osteoporosis caused by either menopause or ovariectomy results in pathological bone loss. 3 Wronski et al. 4 observed trabecular bone loss in ovariectomized rats. They found that it was accompanied by accelerated bone resorption. Since tooth movement is involved in bone metabolism, all metabolic and hormonal changes affecting bone turnover may affect tooth movement as well. An increase of bone turnover caused by a reduced level of estrogen in the postmenopausal period affected the bone morphology 5, 6 and orthodontic treatment, so some research topics about the effects of estrogen on tooth movement were studied. 7, 8 Micro-computed tomography (micro-CT) has been used to calculate the amount of tooth movement and the initial changes in the periodontal ligament space. The linear and angular measurements are used for superimposition techniques to analyze the effect of different orthodontic force directions and magnitudes. 9 For these reasons, micro-CT is a useful threedimensional method that makes it possible to discover the novel information in orthodontics that could not be approached by a conventional radiographic technique.
Orthodontically induced root resorption (OIRR) is an unavoidable pathologic consequence and one undesirable side effect of orthodontic tooth movement. 10 As indicated in an extensive review by Brezniak and Wasserstein, 11, 12 OIRR has been reported to be related to many factors such as age, sex, and systemic conditions. The techniques that analyze OIRR in animal models are improving. A scanning electron microscope (SEM) is the high visual equipment for studying the surface structure and also could be the image recorder to keep the detail of the mineralized tissue morphology. 13 In addition, it is not only the surface appearance of the OIRR that is an interesting topic in orthodontic research but also the OIRR depth and area. The quantification of the depth of root resorption craters is possible using a three-dimensional (3D) laser scanning microscope with depth analysis software. In addition, the root resorption craters can be identified and calculated using area analysis software. 14 To date, there have been some reports on the interrelationship between the effect of ovariectomy and tooth movement, but there is no report about the interrelationship between the effect of ovariectomy and the OIRR. Therefore, our study was performed.
MATERIALS AND METHODS
Ten 10-week-old female Wistar rats (SLC, Shizuoka, Japan; body weight, 170-190 g) were used in this study. This study was conducted with the approval from the Animal Welfare Committee of Nagasaki University. The rats were housed in pairs in plastic cages in a colony room and fed a standard pellet diet and water ad libitum. After arrival, the rats were allowed one week for acclimatization prior to the commencement of the experiments. Ten rats were randomly assigned to either the experimental group of five ovariectomized rats (OVX group) or the control group of five nonovariectomized rats.
Bilateral ovariectomy was performed for the OVX group under general anesthesia by intramuscular injection of ketamine hydrochloride at a dose of 87 mg/kg (Ketalar 50, Sankyo Co Ltd, Tokyo, Japan) in combination with xylazine hydrochloride at a dose of 13 mg/kg (Celactal 2%, Bayer-Japan Co Ltd, Tokyo, Japan). A sham operation was also performed for the control group, in which all procedures were the same, except for the removal of the ovaries.
Experimental Tooth Movement
Four weeks after ovariectomy, 25-g nickel-titanium (NiTi) closed-coil springs (Sentalloy, Tomy Inc, Fukushima, Japan) were placed in both the control and OVX groups under general anesthesia. These springs were to move the maxillary left first molar mesially as described previously. 9, 15 The maxillary right first molars served as the negative controls. After the close-coil springs were set, self-curing resin (Super Bond, Sun Medical, Shiga, Japan) was applied ( Figure 1A-C) .
Under general anesthesia as described previously, a micro-CT (Rigaku Co, Tokyo, Japan) was taken at day 0 (before and immediately after the orthodontic appliance was applied). This process was repeated at day 1, 3, 7, 14, 21, and 28 (before and immediately after the orthodontic appliance was removed) in the same animal. At day 28, the rats were sacrificed by CO 2 inhalation. Tooth movement was measured by the image reconstruction using i-VIEW software (J. Morita MFG Corp, Kyoto, Japan) from the micro-CT images by the appropriate cross-section using landmark points identified on the first molar's crown and roots. The distance from the distal contact point of the maxillary left first molar and the mesial contact point of the maxillary left second molar was investigated to represent the distance of tooth movement. In addition, the micro-CT images of the rats were used for the superimposition technique using commercial 3D medical image analysis software (RATOC, Ratoc System Engineering, Tokyo, Japan).
Orthodontically Induced Root Resorption
After the experimental tooth movements, the rats were sacrificed and the maxillary left first molars were extracted. In addition, the maxillary right first molars in which all of the other procedures were exactly the same were used as the negative control. The extracted molars were submerged in 1% sodium hypochlorite for 10 minutes to eliminate the periodontal ligament remnants. The five roots of the maxillary left first molar were divided into three parts using a diamond disc ( Figure 1D ,E). Only the mesial and the distal roots (disto-buccal and disto-palatal) were used in this study. The mesial surfaces of the roots were scanned using an SEM (TM-1000, Hitachi, Tokyo, Japan). The area of the resorption craters was measured by means of commercial software (Mimics program, Materialise, Leuven, Belgium), and the depth of the root resorption craters was evaluated with a 3D laser scanning The same investigator performed all measurements, and all measurements were repeated three times. The mean value was used as the final measurement.
Statistical Analysis
Statistical analysis was performed using SPSS software (version 16.0, SPSS, Chicago, Ill). The Mann-Whitney test was used to compare the amount of tooth movement and the severity of root resorption between groups.
RESULTS
Experimental tooth movement, quantified by using 3D micro-CT images at different time points, showed that the tooth movement in the OVX group was greater than in the control group throughout the experimental periods (Figure 2A,B ; Table 1 ). In addition, the superimposition images from sagittal, axial (crown and root levels), and coronal views showed the direction of tooth movement ( Figure 3A-C) . The amount of tooth movement in the OVX group was obviously more rapid than in the control group.
The amount of tooth movement gradually increased from day 0 until the end of experiments in both the control group and the OVX group. The initial tooth movement was 0.03 6 0.03 mm in the control group and 0.06 6 0.01 mm in the OVX group ( Figure 2B ). The tooth movement results are detailed in Table 1 . There were statistically significant differences in the amount of tooth movement between the control group and the OVX group (P , .01 at day 3, 7, and 21; P , .05 at day 1, 14, and 28).
SEM images of the mesial, disto-buccal, and distopalatal roots in both the control group and the OVX group are shown in Figure 4A . Most negative control roots were covered by undamaged cementum with a characteristic smooth surface. Three types of craters were clearly identified in the experimental group: isolated lacunae, wide and shallow resorption pits, and deep resorption craters. Small isolated lacunae were mainly seen scattered on the cervical half of the mesial surface of the mesial roots in both the positive control group and the OVX group. Wide craters were observed on the disto-buccal and disto-palatal roots covering the cervical and middle portions of the roots in the control group. On the other hand, wide and deep resorption craters were observed in the disto-buccal and distopalatal roots not only at the cervical and middle portions of the roots but also at the apical portion in the OVX group. There were significant differences (P , .05) between the positive control group and the OVX group in the depth and the volume of OIRR in the disto-buccal and disto-palatal roots and the total OIRR volume in all three roots. However, there was no significant difference between the control and the OVX group when the depth and the volume of OIRR in the mesial roots were analyzed. In addition, no significant difference was found in the OIRR area in all the roots ( Figure 4B ; Table 2 ).
Nevertheless, the results showed that the OIRR depth in the OVX group was obviously deeper than in the control group in all the roots. Furthermore, the OIRR area also demonstrated similar results, that is, the OIRR area in the OVX group was distinctively larger than the control group in all the roots.
DISCUSSION
In our experiment, we used 3D methods to quantify experimental tooth movement and also OIRR. The maxillary left first molars in the OVX group moved more rapidly than the control group throughout the experimental periods, day 1, 3, 7, 14, 21, and 28 (Table 1) . Several studies 16, 17 reported that experimental tooth movement in a rat model was divided into three phases: the first phase, initial tooth movement; the second phase, delayed tooth movement; and the last phase, a linear increment of tooth movement. In the present study, our results were in agreement with the tooth movement phases that have been classically advocated. However, it is important to mention that a significant difference between the control rats and the OVX rats was found even on day 1. The teeth moved after 1 day of force application: 0.03 6 0.03 mm in the control group and 0.06 6 0.01 mm in the OVX group (Table 1) . This small amount of tooth movement might be the result of the initial compression within the periodontal ligament space after force application. We also found that tooth movement from day 0 until day 7 showed a gradual increase, and after day 7, tooth movement showed a steeper slope that continued until day 21. The peak velocity of tooth movement was observed between day 21 and day 28 in both groups ( Figure 2B) .
In ovariectomized rats, osteogenesis and also chondrogenesis are decreased because estrogen deficiency alters the production of osteoinductive proteins such as osteogenin and bone morphogenetic protein, which results in the disruption of bone matrix formation. 18 This finding suggests that the effect of ovariectomy was related to the bone turnover rate caused by the reduction of estrogen levels in the OVX group. 5, 6 In the present study, tooth movement in the ovariectomized group was more rapid than in the nonovariectomized group. The ovariectomy might have increased bone turnover and led to the acceleration of tooth movement. In addition, Wronski et al. 4 found that ovariectomy induced osteopenia and increased the indices of bone resorption and formation in the rat tibia at day 14 after ovariectomy, and the maximal increase in the bone resorption parameters in the femur occurred up to a few months postovariectomy. Some studies 19, 20 that evaluated the hormonal effect on tooth movement reported that the rate of experimental tooth movement was increased in the osteoporotic alveolar bone due to a systemic-osteoporotic hormonal imbalance.
Several investigators attempted to clarify the precise cellular mechanisms to explain the theory of root resorption. A recent study found that root resorption was involved not only in osteoclastogenesis but also in odontoclastogenesis via the OPG/RANK/RANKL sys- tem. This system includes the balance between OPG and RANKL on the tension and the compression side of the tooth during orthodontic tooth movement. 21 These factors may have been modulated by the loss of estrogen by ovariectomy and possibly increased osteoclastogenesis. 22 From these results, the OIRR in the OVX group may have been more severe than in the control group. Thus, the present study might indicate that ovariectomy affects OIRR as well as tooth movement through the hormonal system by the alteration of bone metabolism via some biomarkers and biological pathways.
Further investigations are needed to elucidate the relationship between orthodontic treatment and the hormonal changes that occur in women. Demand of orthodontic treatment for adult patients is increasing. Therefore, it is important to investigate how age change affects orthodontic treatment and how possible pharmacological interactions are related to them.
CONCLUSIONS
N Initial tooth movement was observed one day after orthodontic force was applied, and tooth movement in the OVX group was more rapid than in the control group throughout the experimental periods. N OIRR in the OVX group was deeper and more severe than in the control group.
